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INTESTINAL EPITHELIAL BARRIER integrity is maintained by tight junctions (TJs), a complex of proteins formed by transmembrane and cytoplasmic proteins including occludin and zonula occludens (ZO-1, 2, 3), respectively, linked to actin cytoskeleton (12) . In addition, adherens junction (AJ) proteins including E-cadherin and ␤-catenin are required for TJ assembly and maintenance of intestinal epithelial integrity (17) . TJs regulate trafficking of ions, molecules, and nutrients and act as a barrier against translocation of harmful allergens and bacterial products, such as endotoxins from intestinal lumen into the circulation and mucosal immune system (5) . Therefore, preservation of TJ integrity is crucial for intestinal epithelial homeostasis.
Ethanol is known to induce intestinal barrier dysfunction, resulting in endotoxemia, which is suggested to play a key role in the pathogenesis of alcoholic liver disease (ALD) (7, 28, 43) . Moreover, detection of high endotoxin levels and its correlation thereof with severity and complications of ALD have been attributed to intestinal barrier dysfunction (15, 20, 46, 52) . Our laboratory and others (10, 14, 56) have shown that ethanol at blood concentration as low as low as 0.2% (ϳ40 mmol/l), achieved after moderate consumption of two to four drinks (56) , can disrupt epithelial TJ integrity in vivo and also increases permeability in Caco-2 three-dimensional (10) and two-dimensional cell culture models (14, 56) . Research into potential mechanisms revealed that ethanol disrupts intestinal barrier function via mechanisms involving inducible nitric oxide synthase (iNOS)-induced oxidative stress and activation of myosin light chain kinase (MLCK) signaling pathway (33) , thereby mediating disruption of F-actin cytoskeleton and TJ (3, 36) . Very recently, activation of RhoA kinase has been found to be implicated in ethanol-induced intestinal barrier disruption (29, 59) . Rho kinase family including RhoA is one of the major regulators of actomyosin ring organization and TJ assembly in polarized epithelia (41) . The downstream effector of RhoA kinase, Rho-associated coiled-coil forming kinase (Rho/ ROCK), has been shown to activate MLCK, resulting in barrier disruption (42, 61, 64) . The mechanisms through which ethanol activates RhoA kinase and subsequent disruption of intestinal barrier integrity have not been clarified. Intracellular calcium ([Ca 2ϩ ] i ) homeostasis might be involved, as a rise in [Ca 2ϩ ] i has been shown to activate RhoA kinase, resulting in disruption of intercellular junctions (37, 55) .
Therefore, this study aimed to examine the role of [Ca 2ϩ ] i homeostasis and RhoA kinase activation in ethanol-induced intestinal hyperpermeability using Caco-2 cell monolayers. We hypothesize that ethanol stimulates inositol 1,4,5-triphosphate receptor (IP 3 R)-gated [Ca 2ϩ ] i release, thereby causing activation of Rho/ROCK with subsequent barrier disruption.
MATERIALS AND METHODS
Chemicals. Cell culture reagents were purchased from Life Technologies (Bleiswijk, the Netherlands) and Lonza Benelux BV (Breda, the Netherlands). Fluorescein isothiocyanate (FITC-D4), dichlorodihydrofluorescein diacetate, and Triton X-100 were purchased from Sigma (Amsterdam, the Netherlands). Cell-based ELISA assay kits were purchased from RayBiotech (Norcross, GA). 1,2-Bis(2-aminophenoxy) ethane-N,N,N=,N=-tetraacetic acid (BAPTA-AM) was pur-chased from Sigma. Fluo-3 AM and Xestospongin-C were purchased from Life Technologies and Cayman Europe (Tallinn, Estonia), respectively. The Rho/ROCK inhibitor (R)-trans-4-(1-aminoethyl)-N-(4-pyridyl) cyclohexanecarboxamide (Y-27632) was purchased from Selleckchem (Munich, Germany).
Antibodies. Mouse polyclonal anti-ZO-1 antibodies were purchased from Zymed Laboratories (San Francisco, CA). Rabbit-anti E-cadherin and rabbit-anti ␤-catenin were purchased from Abcam (Cambridge, UK), and rabbit anti-phosphorylated myosin-binding subunit (P-MBS)/myosin phosphatase-targeting subunit 1 (MYPT1) was purchased MBL International (Woburn, MA). Alexa-Fluor 488-conjugated anti-mouse IgG and Cy3-conjugated anti-rabbit IgG antibodies were from Jackson Laboratories (Suffolk, UK). Horseradish peroxidase (HRP)-conjugated anti-mouse and anti-rabbit antibodies were purchased from Dako BV (Heverlee, Belgium). Diamidino-2-phenylindole (DAPI) was purchased from Sigma. Rhodamine-phalloidin was purchased from Life Technologies.
Cell line and culture conditions. Caco-2 cells (from passages 29 -45) purchased from ATCC (Rockville, MD) were grown in either T25 or T75 flasks and were maintained in Dulbecco's Modified Eagle Medium (DMEM; Lonza Benelux BV) containing 4.5 g/l glucose and L-glutamine, as described previously (11) .
Microscopic analysis of [Ca 2ϩ ]i. Caco-2 (5 ϫ 10 3 ) cells were plated on glass-bottom dishes in 10% FBS-containing DMEM medium in a humidified atmosphere of 5% CO2-95% air at 37°C for 24 h. Next, cells were loaded with 3 mol/l Fluo-3 AM (Life Technologies Europe) by incubation of the cells at 23°C for 60 min in assay buffer containing 130 mmol/l NaCl, 5 mmol/l KCl, 2 mmol/l CaCl2, 1 mmol/l MgSO4, 8 mmol/l NaOH, and 20 mmol/l HEPES (pH 7.4), followed by a 30-min incubation at 37°C. Fluo-3 AM was chosen as a Ca 2ϩ indicator because it exhibits a 40-fold increase in fluorescence intensity with Ca 2ϩ and possesses an enhanced resistance to autobleaching (54) .
Next, Caco-2 monolayers were pretreated (before exposure to ethanol) with either 10 mol/l BAPTA-AM (Sigma-Aldrich) or 1 mol/l Xestospongin C, selective and reversible inhibitor of IP3 receptor (Cayman Europe) for 45 min (4).
Thereafter, cells were washed twice with Ca 2ϩ -free PBS and placed under a Leica TCS SPE confocal laser-scanning microscope (Leica Microsystems, Mannheim, Germany). For imaging of Fluo-3 fluorescence, cells were observed using a Leica ϫ63 oilϭimmersion lens, excitation light was provided by an argon laser at 488 nm and emission at 530 nm, and fluorescence was recorded for 5 min as stable baseline. Next, 40 mmol/l ethanol was added, and changes in fluorescence intensity were monitored over 15 min. Image acquisition frequency was set to one image every 10 s, and images were analyzed for changes in fluorescence intensities within regions of interests (circles drawn over cytosol areas) using the image-analysis software Leica Application Suite Advanced Fluorescence, and values were plotted as changes from baseline as described previously (27) .
Measurement of transepithelial electrical resistance and paracellular permeability. Caco-2 cells were seeded and grown for 21 days on collagen-coated polycarbonate membrane Transwell inserts with a surface area of 0.33 cm 2 and 0.4-m pore size (Costar, Cambridge, MA). After monolayers of transepithelial electrical resistance (TEER) Ͼ 600 Ohm·cm 2 were developed, monolayers were exposed to 40 mmol/l ethanol either alone for 3 h or after pretreatment with BAPTA-AM (10 mol/l) or Xestospongin C (1 mol/l) for 15 min. In another set of experiments, monolayers were pretreated for 1 h with 100 mol/l of (ϩ)-(R)-trans-4-(1-aminoethyl)-N-(4-pyridyl)cyclohexanecarboxamide (Y-27632; Selleckchem, Munich, Germany), the specific inhibitor of both isoforms ROCK2 (also called ROK-␣) and p160ROCK (also known as ROK-␤ or ROCK1) (60) . TEER of epithelial monolayers (⍀·cm 2 ) was measured after 3 h by an epithelial voltohmmeter (World Precision Instruments, Berlin, Germany) in each insert and multiplied by the membrane surface area (0.33 cm 2 ), corrected by subtracting background resistance of the blank membrane (no cells; ϳ30 ⍀·cm 2 ). Data were collected from duplicate inserts per treatment in three experiments and expressed as percentage of basal TEER obtained before treatment. By the end of TEER measurements, FITClabeled 4-kDa dextran (1 mg/ml FITC-D4; Sigma-Aldrich) was added to the apical side of cells and incubated for 1 h at 37°C. Monolayer permeability was assessed by measuring the fluorescence in the basal medium compartment of FITC-D4 spectrophotometrically using SpectraMax M2 spectrofluorometer (Molecular Devices, Sunnyvale, CA) at excitation and emission spectra of 485 nm and 540 nm, respectively, and data were reported as relative fluorescent units.
Immunofluorescent microscopic analysis of cellular proteins. Cell monolayers on membranes were fixed in the inserts with 10% (wt/vol) trichloroacetic acid (TCA), permeabilized with PBS and glycine (30 mmol/l) and 1% (vol/vol) Triton X-100, and blocked with a blocking buffer containing PBS and glycine with 3% (vol/vol) FCS. Primary antibodies including mouse anti-ZO-1 (Zymed Laboratories), rabbit anti-P-MBS at Thr853, known also as MYPT1, an indicator of Rho/ROCK activation (31) (P-MBS/MYPT1, MBL International), mouse anti-E-cadherin (Abcam), or rabbit anti-␤-catenin (Abcam) were added 1:100 overnight in blocking buffer. Following the washing, fluorochrome-conjugated secondary antibodies including AlexaFluor 488-conjugated anti-mouse (Invitrogen) and Cy3-conjugated anti-rabbit IgG (Invitrogen) antibodies were used as secondary antibodies (1:200). F-actin was stained with rhodamine-phalloidin (500 ng/ml; Invitrogen) at room temperature. Thereafter, monolayers were stained for 5 min with DAPI (1:10,000 dilution in PBS; Sigma Chemical). Finally, the monolayers on the semipermeable membrane were transferred to glass slides and mounted with VectaShield mounting medium (Vector Laboratories, Burlingame, CA). The slides were examined under a Leica TCS SPE confocal laser-scanning microscope equipped with a 50-mW Argon laser and a 1-mW HeNe laser (Leica Microsystems). Confocal images obtained were processed and analyzed by using Image J software (1) .
Dot blotting of phosphorylated MBS/MYPT1. Caco-2 cell lysates were prepared with radioimmunoprecipitation assay buffer [150 mM NaCl, 1.0% (vol/vol) Triton X-100, 0.5% (wt/vol) sodium deoxycholate, 0.1% (wt/vol) sodium dodecyl sulfate, and 50 mM Tris, plus protease and phosphates inhibitor cocktails], and protein levels were determined using bicinchoninic acid protein assay protein assay (BioRad Laboratories, Hercules, CA). With the use of narrow-mouth pipette tips, 2 l of samples were spotted onto a nitrocellulose membrane and allowed to dry to the air. Nonspecific sites were blocked by soaking the membrane in 5% (wt/vol) BSA in Trisbuffered saline and Tween 20 buffer (TBST) for 1 h at room temperature. The membrane was then incubated with either rabbit anti-total MBS/MYPT1 or rabbit anti-phosphorylated MBS/MYPT1 at Thr853 (10 g/ml dissolved in BSA/TBS, MBL International) for 30 min at room temperature. Thereafter, the membrane was washed thrice in TBS and incubated with swine anti-rabbit HRP-conjugated secondary antibody (1:1,000 dilution; Dako, Glostrup, Denmark) for 30 min at RT, followed by washing in TBST and TBS, respectively. Finally, the membrane was incubated with chemiluminescence kit (GE Healthcare Europe GmbH, Diegem, Belgium) for 1 min, covered with Saran wrap, and proteins were visualized by chemidoc XRS (Bio-Rad, Hercules, CA). Quantification of the dots was done using Image J software (1) .
Determination of MBS/MYPT1 phosphorylation. Phosphorylation of MBS/MYPT1 as indicative of Rho/ROCK activation was determined by assessment using cell-based ELISA kits (Ray Biotech), according to manufacturer's instructions. Briefly, Caco-2 cells (20 ϫ 10 3 ) were seeded in 96 well-plates (Corning BV Life Sciences, Amsterdam, the Netherlands) and incubated overnight at 37°C, 5% CO2. Monolayers were treated as described earlier. Next, monolayers were fixed and blocked and were incubated with rabbit anti: phosphorylated MBS/MYPT1 (1:100 dilution in the blocking solution; Ray Biotech), followed by HRP-conjugated mouse anti-rabbit IgG (Dako). Finally, 3,3=,5,5=-Tetramethylbenzidine was added, followed by stop solution, and optical density was read at 450 nm by SpectraMax M2 spectrophotometer (Molecular Devices).
Assessment of cellular F-actin contents. Cellular F-actin levels were determined by a fluorescent phalloidin-binding assay as described previously (19) . Briefly, Caco-2 cells grown on 96-well plates (Corning BV), were rinsed with PBS, and then incubated with medium only, with 40 mmol/l ethanol alone for 3 h, or after prior incubation with 100 mol/L of the ROCK inhibitor, Y-27632, for 1 h (followed by 3-h ethanol incubation). Next, the cells were fixed with acetone/methanol (1:1), and then actin was stained with rhodaminephalloidin (500 ng/ml) for 20 min. Stained cells were extracted with 200 l methanol and measured spectrophotometrically at excitation and emission wavelengths of 545 and 578 nm, respectively.
Statistical analysis. All data analyses were conducted with GraphPad Prism software package (GraphPad Software, San Jose, CA). Data are expressed as means Ϯ SD of triplicate experiments. One-way ANOVA and Tukey's post hoc tests were performed to compare between different experimental conditions, considering difference of P Ͻ 0.05 as statistically significant. (Fig. 1, A-C) . Ethanol significantly reduced TEER and increased FITC-D4 permeation (Fig. 2, A and B; both P Ͻ 0.0001 vs. control), which was significantly attenuated after pretreatment of cell monolayers with BAPTA-AM (Fig. 2, A and B; both P Ͻ 0.0001 vs. ethanol). BAPTA-AM pretreatment also attenuated ethanol-induced redistribution of ZO-1 and occludin from the intercellular junctions into the intracellular compartment (Fig.  2E ). BAPTA-AM treatment by itself did not have a significant effect on TEER, FITC-D4 permeation, or distribution of ZO-1 or occludin (data not shown). meability (Fig. 2, C and D; both P Ͻ 0.001 vs. ethanol). Xestospongin C also prevented ethanol-induced redistribution of ZO-1 and occludin from intercellular junctions to intracellular compartments (Fig. 2E ). Xestospongin C, by itself, did not alter TEER or FITC-D4 in the absence of ethanol (Fig. 2,  C and 2D ). phosphorylated MBS/MYPT1 are shown in a representative dot blot (Fig. 3A) . Densitometric analysis revealed no significant differences in the total MBS/MYPT1 between treatment conditions. However, MBS/MYPT1 phosphorylation was significantly increased in Caco-2 cells after incubation with 40 mmol/l ethanol compared with control (Fig. 3B) . The ethanol-induced MBS/MYPT1 phosphorylation was significantly attenuated by pretreatment with Xestospongin C and BAPTA-AM compared with ethanol alone (Fig. 3, A and B) . In accordance with dot-plot data, ethanol enhanced immunofluorescent staining of MBS/MYPT1 phosphorylation mainly at cortical regions, which was reduced on pretreatments with either Xestospongin C or BAPTA-AM (Fig. 3C) . Protein levels of phosphorylated MBS/MYPT1, determined by cell-based ELISA, were significantly increased after exposure to ethanol compared with the total Snail levels in untreated controls (P Ͻ 0.0001; Fig. 3D ). Pretreatment with either Xestospongin C or BAPTA-AM significantly attenuated the ethanol-induced increase in phosphorylated MBS/MYPT1 protein levels (both P Ͻ 0.0001; Fig. 3D ).
RESULTS
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Rho/ROCK activation is involved in ethanol-induced barrier disruption. We evaluated the effect of Y27632, a potent and selective Rho/ROCK inhibitor, on ethanol-induced barrier dysfunction. The ethanol-induced decrease in TEER (Fig. 4A ) and increases in FITC-D4 permeation (Fig. 4B) were almost completely reversed by pretreatment with Y27632. Immunofluorescent staining showed that the ethanol-induced permeability was associated with ZO-1 redistribution, correlating with increased MBS/MYPT1 phosphorylation (Fig. 4) . CY27632 attenuated ZO-1 redistribution and prevented ethanol-induced MBS/MYPT1 phosphorylation (Fig. 4C ). Y27632 by itself had no significant effect on TEER, permeability, or distribution of ZO-1 (Fig. 4, A-C) . To complement these data, dot blotting was performed, showing that expression of phosphorylated MBS/MYPT1 increased in Caco-2 cells incubated with ethanol and decreased after pretreatment with Y27632 (Fig. 4D) . Densitometric analysis of the dots showed that ethanol significantly enhanced phosphorylated MBS/MYPT1 protein expression compared with control cells (P Ͻ 0.0001), which could be attenuated by Y27632 (P Ͻ 0.01 vs. ethanol alone; Fig. 4E) .
Rho/ROCK is involved in ethanol-induced changes in AJs and F-actin. Because TJ formation is dependent on AJs (16) and actin remodeling plays a crucial role in junction assembly (24), we examined whether Rho/ROCK plays a role in ethanolinduced disruption of AJs and F-actin cytoskeleton. Immunofluorescence staining for the AJ proteins indicated that ethanol exposure induced redistribution of E-cadherin and ␤-catenin from the intercellular junctions into intracellular compartments (indicated with white arrowheads), and this effect of ethanol was attenuated by Y27632 treatment (Fig. 5A ). In addition, exposure to ethanol resulted in a significant increase in intracellular F-actin content compared with control (P Ͻ 0.0001; Fig. 5B ), which was significantly reduced by pretreatment with Rho/ROCK inhibitor, Y27632 (P Ͻ 0.05; Fig. 5B ), and was found to be comparable with the control condition. Figure 5C shows that, under control conditions, F-actin microfilaments were assembled into a prominent perijunctional F-actin belt that encircled cell borders. In contrast, after ethanol exposure, the F-actin microfilaments were markedly disorganized, in which the perijunctional actin belt was transformed into an array of disordered filaments and stress fiber-like bundles (indicated with white arrowheads), which could be attenuated by pretreatment with Y27632 (Fig. 5C ).
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DISCUSSION
The present study indicates that ethanol triggers a rise in free intracellular [Ca 2ϩ ] i , mediated at least in part by IP 3 R-gated release of Ca 2ϩ from endoplasmic reticulum (ER). Furthermore, our study also shows that free [Ca 2ϩ ] i mediates ethanolinduced activation of Rho/ROCK with subsequent loss of TJ and AJ integrity and disruption of F-actin organization and, consequently, barrier dysfunction.
Research on the role of [Ca 2ϩ ] i in ethanol-induced cell injury has mainly focused on gastric epithelium, providing evidence that accumulation of [Ca 2ϩ ] i mediates ethanol-induced gap junction dysfunction, resulting in cell shrinkage (40) and gastric epithelial cell injury (38) ] i mediates ethanol-induced TJ disruption. Our observations are in line with previous studies demonstrating that elevation in intracellular calcium [Ca 2ϩ ] i disrupts TJ integrity in Caco-2 cells and lowers transepithelial resistance in T84 monolayers via mechanisms involving protein kinase C activation (34, 49) . In addition, it has recently been shown that rise in [Ca 2ϩ ] i is required for osmotic stress-induced TJ disruption in Caco-2 monolayers (51).
The finding that rise in free [Ca 2ϩ ] i mediates ethanolinduced TJ disruption raised the question of the source of the observed elevation. One option could be the ER, which can contribute to elevation of free [Ca 2ϩ ] i through IP 3 R-gated channels (51) . IP 3 R upon activation stimulates Ca 2ϩ release from the ER lumen to the cytoplasm (6). We observed that pretreatment of Caco-2 monolayers with Xestospongin C, a selective antagonist of IP 3 R, can attenuate the ethanol-induced increase in [Ca 2ϩ ] i and TJ disruption, indicating involvement of IP 3 R-operated ER Ca 2ϩ release. This interpretation is compatible with findings from a prior study demonstrating in brain microvascular endothelial cell monolayers that IP 3 R-mediated increase in [Ca 2ϩ ] i is required for ethanol-induced impairment of blood-brain-barrier function (52) . In our study, effects of antagonizing IP 3 R on the ethanol-induced rise in [Ca 2ϩ ] i and barrier dysfunction were partial, indicating involvement of other Ca 2ϩ sources and mechanism(s) in ethanol-induced barrier disruption. Samak et al. (51) have demonstrated that influx of Ca 2ϩ through extracellular calcium channels located on the apical membrane of intestinal epithelial cells such as L-type voltage-gated channels, i.e., Cav 1.3, can result in a rise in intracellular calcium [Ca 2ϩ ] i and, consequently, disruption of the TJs via mechanisms involving JNK2. Because we used a Ca-free buffer in this study, influx of Ca 2ϩ through extracellular calcium channels is excluded. However, other intracellular sources such as mitochondria should be considered (22) . Whether mitochondrial calcium release can contribute to the observed increase in [Ca 2ϩ ] i cannot be answered at this time, and it merits further investigations.
In our study, how ethanol modulates IP 3 R was not examined. However, ethanol has been shown to upregulate and increase IP 3 R gene and protein levels, respectively. These effects could be abolished by treatment with either the inhibitor ] i achieved by either intracellular or extracellular sources has been shown to induce Rho/ROCK kinase activation with subsequent TJ disruption (44) . A significant body of evidence indicates that Rho kinase regulates cytoskeleton proteins including microtubules (57, 58) and, indirectly, assembly of the TJ in T84 (63) and Caco-2 cells (53) . Among many effectors of Rho, Rho/ROCK has been shown to mediate RhoA-induced disassembly of intercellular junctions and formation of stress fibers (2, 18) . Such effects have been attributed to Rho/ROCK-induced P-MBS/MYPT1 (23), the regulatory units of MLC, thereby inhibiting MLC phosphatase and, subsequently, MLC phosphorylation (42) . In the present study, we observed that ethanol phosphorylates MBS/MYPT1 at Thr853, indicating Rho/ROCK activation. This activation could be attenuated by pretreatment with Xestospongin C and BAPTA-AM. Therefore, we reasoned that [Ca 2ϩ ] i mediates ethanol-induced ROCK activation. The observed changes can also be considered a rapid defensive response to overcome the noxious effects of ethanol. This would be in line with observations of Rao et al. (45) ] i is necessary for activating RhoA and that activation of RhoA plays a pivotal role in polyamine-induced epithelial cell migration after wounding of an epithelial cell layer.
Evidence is accumulating for a role of Rho/ROCK signaling in mediating disruption of AJs and TJs in vitro (50) . We confirmed that ethanol decreased TEER and increased FITC-D4 permeation in association with redistribution of ZO-1, E-cadherin, and ␤-catenin, which was effectively attenuated by the ROCK inhibitor Y27632. While the present work was in progress, Tong et al. (29, 59 ) have reported in Caco-2 monolayers that upregulation of RhoA mRNA expression and its activation via iNOS mediate ethanol MLC phosphorylation and, consequently, TJ disruption. However, in these studies, the role of the downstream effector of RhoA, ROCK, was not examined. Our study reported for the first time that ethanol-induced increase in [Ca 2ϩ ] i activates Rho/ROCK, resulting in the loss of TJ and AJ integrity and, consequently, barrier dysfunction.
Our data also demonstrate that ethanol increases cellular F-actin contents and induces disorganization of the F-actin ring, which could also be abrogated by Y27632, indicating involvement of Rho/ROCK activity in ethanol-induced remodeling of cytoskeleton. These observations are in line with previous findings showing that ethanol increases paracellular permeability by disrupting the F-actin ring in Caco-2 cells (33) and are in agreement with prior data showing that ROCK activity, at least in endothelial cells, is required for F-actin disruption and barrier dysfunction (25, 62) .
Previously, changes in actin filament organization has been demonstrated to be regulated through globular G-/F-actin equilibria (8) , alterations in the amount and type of actin-binding proteins (35) , and assembly of myosin filaments (9) . Because activation of ROCK modulates F-actin organization and causes stress fiber formation but not actin disruption (21), disassembly observed in our study can be attributed to other cell-signaling messengers and pathways, including increased free [Ca 2ϩ ] i (26) , protein kinase C and MLCK (39) , and phosphatases (13) . Mechanistic studies have indicated key roles for iNOS-mediated stress (3) and cytochrome-P450 2E1 (CYP2E1)-mediated oxidative stress (36) , remodeling of actin and microtubules (3, 10) , and activation of MLCK in ethanol-induced intestinal barrier disruption (32, 33) . In the present study, a possible crosstalk between MLCK and Rho/ROCK pathways cannot be excluded, as each pathway can be either selectively induced or coinduced. Previously, it has been suggested that MLCK activation may initiate impairment of epithelial barrier, which is then followed by Rho/ROCK-dependent junctional disassembly and, consequently, barrier disruption (25) . The mechanism(s) associated with Ca 2ϩ -induced Rho/ROCK activation and how MLCK interacts with Rho/ROCK in ethanol-induced intestinal hyperpermeability merit further investigation.
In summary, the results of the current study demonstrate that ethanol induces a rapid increase in [Ca 2ϩ ] i , mediated in part by IP 3 R-gated ER Ca 2ϩ release. This increase in [Ca 2ϩ ] i activates ROCK with subsequent disruption of apical junctional complex and actin cytoskeleton and, consequently, intestinal epithelial hyperpermeability. Because the crosstalk between intracellular Ca 2ϩ homeostasis and Rho kinase contributes to many intracellular signaling networks, further delineation of their roles in ethanol-induced gut leakiness may shed light on their potential as therapeutic or preventive targets for ethanol-related gut-liver axis diseases including ALD. 
